Chronic mucocutaneous candidiasis disease (CMCD) is characterized by recurrent or persistent infections of the skin, nails, oral and genital mucosae caused by Candida albicans and, to a lesser extent, Staphylococcus aureus, in patients with no other infectious or autoimmune manifestations.
Chronic mucocutaneous candidiasis (CMC) is characterized by infections of the skin, nails, oral and genital mucosae, with C. albicans, which is commensal in healthy individuals (1) .
In patients with inherited or acquired T-cell immunodeficiencies, CMC is associated with various infectious diseases (1) . In patients with STAT3 deficiency and a lack of IL-17A-and IL-22-producing T cells (2) (3) (4) (5) , CMC is associated with severe cutaneous and pulmonary staphylococcal infections (1) . In some patients with IL-12p40 or IL-12Rβ1 deficiency and mycobacterial disease (2) , and in a family with CARD9 deficiency with systemic candidiasis and peripheral dermatophytosis (6) , CMC and low proportions of IL-17A-producing T cells were also documented. Finally, CMC is the only infection of patients with AIRE deficiency, who have neutralizing autoantibodies against IL-17A, IL-17F, and IL-22 (7, 8) . These data suggest that human IL-17A, IL-17F, and/or IL-22 are involved in mucocutaneous immunity to C. albicans (1) . CMC disease (CMCD), the molecular and cellular basis of which is unknown, consists of CMC in the absence of other overt infectious or autoimmune signs (1) . CMCD was initially thought to be benign, until squamous cell carcinoma (9) and cerebral aneurysms (10) were reported. First described in 1967 in sporadic cases (11) , familial CMC segregating as autosomal dominant (AD) (12) and autosomal recessive (AR) traits (13) was soon reported. We thus searched for the genetic basis of CMCD, testing the hypothesis that CMCD may be caused by inborn errors of IL-17A, IL-17F, or IL-22 immunity (1, 14) .
We first investigated a French child born to first-cousin parents of Moroccan descent (Fig.  1A , Report S1). He presented with C. albicans dermatitis during the neonatal period and displayed S. aureus dermatitis at five months of age. Known causes of CMC were excluded clinically and genetically and the lack of any phenotype other than CMC led to a diagnosis of AR CMCD. We sequenced the candidate genes encoding IL-22, IL-22RA1, IL-10RB,  IL-17A, IL-17F, IL-17RA, and IL-17RC (15-17) . IL-22 binds as a monomer to its receptor, composed of IL-22RA1 and IL-10RB, whereas IL-17A and IL-17F can form homo-or heterodimers that signal via a receptor comprising IL-17RA and IL-17RC chains. The child was found to be homozygous for the c.850C>T nonsense mutation (c.850C>T/c.850C>T), which replaces the glutamine codon in position 284 with a stop codon (Q284X/Q284X) in the IL17RA gene (Fig. 1B) . This premature stop codon is located in the part of the gene encoding the extracellular domain of IL-17RA, upstream from the transmembrane domain sequence (Fig. 1C) . No mutations were found elsewhere in IL17RA or in any of the other six genes sequenced. The parents and siblings of this child are healthy and heterozygous for the mutant allele, consistent with AR inheritance for this trait. The mutant allele was not found in 1,065 healthy controls from 52 ethnic groups from the CEPH-HGD panel, 100 French controls and 70 Moroccan controls of Berber descent, ruling out an irrelevant polymorphism and suggesting that the mutation may define a rare AR CMCD-causing allele.
The IL-17RA protein was not detected on the surface of fibroblasts, peripheral blood mononuclear cells (PBMCs), or, more specifically, CD4+ T cells, CD8+ T cells and monocytes from the patient, as shown by flow cytometry with two specific antibodies against the extracellular domain ( Fig. 2A, Fig. S1 ). The absence of IL-17RA had no impact on the expression of IL-17RC, which was normal on the patient's monocytes (the only leukocyte subset expressing IL-17RC in controls) and fibroblasts ( Fig. S1 and S2 ). Likewise, IL-22RA1 was normally expressed on the patient's fibroblasts (Fig. S2 ). The patient also had a normal proportion of circulating IL-17A-and IL-22-producing T cells (Fig. S3 ). We investigated whether the lack of IL-17RA expression had any functional consequences for the response to IL-17 cytokines, by testing the responses of the patient's fibroblasts to various concentrations of recombinant IL-17A and IL-17F homodimers, and to IL-17A/IL-17F heterodimers (16, 17) . Like NEMO-deficient fibroblasts, which have impaired NF-κB activity and unlike fibroblasts from a healthy control, the patient's fibroblasts did not respond to any of the three IL-17 cytokines, in terms of IL-6 and growthregulated oncogene-α (GRO-α) induction (18) , as assessed by ELISA on supernatants ( Fig. 2B , and C). Moreover, the patient's PBMCs did not respond above baseline to IL-17A or IL-17F for any of the cytokines tested (Fig. S4A) . Transfection of the patient's fibroblasts with wild-type (WT) IL17RA, but not with a mock vector, restored IL-17RA expression and the response to IL-17 cytokines (Fig. 2, D-F) . By contrast, IL-6 production by NEMOdeficient cells was not rescued by transfection with IL17RA (Fig. S4B) . Thus, the patient with CMCD studied displayed AR, complete IL-17RA deficiency and a lack of cellular responses to at least three IL-17 cytokine dimers -IL-17A, IL-17F, and IL-17A/IL-17F -in fibroblasts and leukocytes.
We then investigated a multiplex family from Argentina, with AD inheritance of CMCD (Fig. 3A, Report S2 ). The IL22, IL22RA, IL10RB, IL17RA, IL17RC and IL17A genes contained no mutations, but a heterozygous missense mutation was found in the IL17F gene of the index case. This mutation, c.284C>T, replaced the serine residue in position 65 of the mature protein with a leucine residue (S65L) (Fig. 3, B and C) . The S65 residue is conserved across mammalian species (Fig. S5) . Moreover, the sequencing of 1,074 control individuals from the CEPH-HGD panel ruled out the possibility that this mutation was an irrelevant polymorphism. Computational analysis showed that S65 lies in the cavity of the protein, which is thought to be involved in cytokine-receptor binding (Fig. 3C) (19) . No other IL17F variations were found in the index case, including the IL17F g.7488T>C (rs763780) polymorphism, replacing a histidine with an arginine residue in position 161 of the protein (H161R), a mutation previously thought to be loss-of-function (20) . By contrast, we found that the H161R allele encoded an IL-17F protein able to stimulate murine lung epithelial cells (MLE) (Fig. S6) . Heterozygosity for the S65L allele was found in all members of the kindred with CMCD tested; we were unable to genotype the fifth patient (III.1 in Fig. 3A) , who died at six years of age from complications of the disease. The mutant allele was found in only two apparently healthy family members, aged nine months (III.3 in Fig. 3A ) and 21 years (II.8 in Fig. 3A) , suggesting incomplete clinical penetrance. We did not detect IL-17F-expressing T cells in controls by flow cytometry, but the patients tested displayed normal proportions of IL-17A-and IL-22-expressing T cells and their PBMCs secreted normal amounts of cytokines, as measured by Bioplex (Fig. S7, A and B) .
We investigated the possible deleterious effects of the S65L mutation, by producing the mutant IL-17F protein in HEK293 cells. The mutation did not seem to affect production of the monomeric protein or the formation of IL-17F homodimers (mutant/mutant and wildtype/mutant) or heterodimers with IL-17A (Fig. S8) . The mutant-containing dimers seemed to bind normally to monomeric IL-17 receptors (IL-17RA and IL-17RC), as shown by surface plasmon resonance (Table S1 , Fig. S9 ). However, the mutant proteins did not bind IL-17RA on fibroblasts, as shown by flow cytometry, with IL-17RA-deficient cells as controls (confirming that their lack of IL-17RA expression prevented cytokine binding) (Fig. S10, S11) . Accordingly, when control fibroblasts (Fig 4, A and B) and keratinocytes (Fig. S12, A and B) were stimulated with mutant S65L IL-17F homodimers, they displayed much weaker IL-6 and GRO-α induction than observed with WT IL-17F homodimers (IL-17WT), IL-17A homodimers, or IL-17A/IL-17FWT heterodimers (18) . Moreover, control PBMCs showed impaired induction of several cytokines when stimulated with S65L IL-17F homodimers compared to WT IL-17F homodimers (Fig. S12C) . These data suggest that the IL17F S65L allele is severely hypomorphic (Fig. 4, A and B, Fig. S12, A and B) .
Furthermore, when the S65L mutant IL-17F formed a heterodimer with either IL-17FWT or IL-17A, the induction of IL-6 and GRO-α was severely impaired in control fibroblasts (Fig.  4, A and B) and keratinocytes (Fig. S12, A-B) , indicating a dominant-negative effect of this allele. Finally, as predicted by the lack of binding of mutant cytokine dimers to their receptor (Fig. S11) , these dimers did not compete with WT dimers (Fig. S13, A-D) . Thus, the AD CMCD in this kindred results from a hypomorphic, dominant-negative IL17F allele, which impairs the receptor-binding and bioactivity of both IL-17F homodimers and IL-17A/ IL-17F heterodimers.
IL-17RA and IL-17F deficiency underlying mucocutaneous disease caused by C. albicans and, to a lesser extent, S. aureus, is consistent with the mouse model (21) . IL-17RA-and IL-17RC-deficient mice were more susceptible to oropharyngeal candidiasis (22, 23) and IL-17RA-deficient mice to cutaneous staphylococcal disease (24) . IL-17A-deficient mice also display impaired clearance of C. albicans skin infection (25) . IL-17F-deficient mice
have not yet been tested, but IL-23-deficient mice with impaired expression of IL-17A and IL-17F are also vulnerable (25) . IL-17A or IL-17F alone are not required for peripheral immunity to S. aureus, but mice deficient for both IL-17A and IL-17F display an impaired peripheral immunity to S. aureus (26) . Somewhat at odds with our observations, IL-17A is also required for systemic immunity to C. albicans (27) and S. aureus (28) . Moreover, mice with IL-17RA, IL-17RC, IL-17A, or IL-17F deficiency are vulnerable to multiple infections at various anatomical sites (21, 28) . Overall, our report indicates that human IL-17A and IL-17F are essential for protective immunity to C. albicans and, to a lesser extent, S. aureus in the nails, skin, oral and genital mucosae, but otherwise redundant. We cannot exclude the possibility that other infections may occur in patients with inborn errors of IL-17 immunity. In any event, in natura, inborn errors of IL-17 immunity clearly impair mucocutaneous immunity to Candida albicans (29) . Patients receiving IL-17 blocking agents should be carefully monitored, at least for mucocutaneous infections (30) .
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